Thermal metamaterials have been intensively studied during the past years to achieve the long-standing dream of invisibility, illusion, and other inconceivable thermal phenomena. However, many thermal metamaterials can only exhibit omnidirectional thermal response, which take on the distinct feature of geometrical isotropy. In this work, we theoretically design and experimentally fabricate a pair of thermal imitators by applying geometrical anisotropy provided by elliptical/ellipsoidal particles and layered structures. This pair of thermal imitators possesses thermal invisibility in one direction, while having thermal opacity in other directions.
I. INTRODUCTION
Thermal metamaterials have recently stimulated great interest due to various thermal signatures and functions. Along with the rapid development of artificial technology, many thermal metamaterials with novel phenomena and functions have been experimentally demonstrated. Among these devices, thermal invisibility devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] (which can let heat flow around an object as if the object does not exist) are what people always pursue, and have attracted intensive research interest. Among the existing literature, many researchers attempted to achieve different thermal responses and functions through a single device 8, 13, [19] [20] [21] [22] [23] [24] in order to widen the range of adaptability.
However, many thermal metamaterials only display omnidirectional thermal response, which means thermal devices have the same thermal response when the external thermal gradients are applied along the different directions. As is it well known, once an object shows the character of invisibility, it cannot be detected by an infrared camera in any direction. If we can render an object invisible in one direction and complement other directions to achieve thermal opacity (see Fig. 1 ), there is no doubt that it will bring confusion to the infrared camera of enemies from different directions. On the same footing, we can also make an object invisible to enemies (in one direction) and visible to allies (in other directions), which will exert influence on military applications.
In this work, we report a pair of thermal imitators, which have the same thermal signatures but different structures. In contrast to the previous designs which only display omnidirectional thermal response, this pair of thermal imitators has different thermal responses when the thermal gradients are applied along different directions, exhibiting thermal invisibility in one direction, and thermal opacity in other directions. We first give the theoretical analysis of these two structures. Then, the proposed two-dimensional (2D) devices are carefully examined in an actual experimental setup, demonstrating a satisfactory performance of direction-dependent thermal imitators. At the same time, this pair of thermal imitators can also work excellently when a point-source thermal gradient is applied. Furthermore, the three-dimensional (3D) simulated results show that our design can be extended into 3D systems, which indicate the applicability of practical thermal imitator devices.
The function of the pair of thermal imitators and the realization of the direction-dependent thermal response are schematically illustrated in Fig. 1 . The pair of thermal imitators, i.e., the ellipse-embedded structure and the layered structure, displays thermal invisibility when the thermal gradient is applied along the x direction. However, when the thermal gradient is applied along the y direction, both the structures provide the same thermal signature of a tank. Therefore, these two thermal imitators have the same thermal signature of each other in two perpendicular directions, while both exhibiting different thermal responses in these two directions. Here, we first give the theoretical analysis of the two structures, respectively, and deduce the effective thermal conductivities of them along two perpendicular directions.
II. THEORY
A. Thermal conductivity of the elliptical/ellipsoidalparticle structure Heat transport progress is dominated by the heat conduction equation. Considering a stable transport progress without sources in the ellipsoid coordinate ðn; g; fÞ, the heat conduction equation is Laplace's equation where T denotes temperature. The ellipsoid coordinate ðn; g; fÞ and the Cartesian coordinate ðx; y; zÞ have the following relationship:
and R u ðu ¼ n; g; fÞ is introduced to achieve brevity
where a, b, and c are the semi-axes of the ellipsoid described by
When such an ellipsoid described by Eq. (4) with thermal conductivity of j 1 is in the presence of the background with that of j 2 and uniform thermal gradient $T 2 along the j axis ðj ¼ x; y; or zÞ, we can write down the following boundary conditions (we denote the temperature in the ellipsoid with T 1 , and out of that with T 2 ):
Then, we can write down the solution of Eq. (1)
where
We consider a binary composite where ellipsoid particles described by Eq. (4) of thermal conductivity j 1 and volume fraction p are embedded in a host medium of j 2 , in the presence of an external thermal gradient $T 0 along the j axis ðj ¼ x; y; zÞ. Then, we denote the local thermal gradient inside the particles by $T 1 , and that inside the host medium by $T 2 . The relationship between $T 1 and $T 2 can be derived by Eq. (6)
The average thermal gradient h$Tið ph$T 1 i þ ð1 À pÞ h$T 2 iÞ inside the composite should be equal to the external thermal gradient, namely, h$Ti ¼ $T 0 .
According to the Fourier law
where j i ði ¼ a; b; cÞ is the effective thermal conductivity of the corresponding axes. Hence, we obtain
Finally, we resort to Eq. (8) to simplify Eq. (10)
To be mentioned, the depolarization factor L i ði ¼ a; bÞ of 2D ellipse is a simplification of Eq. (7)
FIG. 1. Schematic illustration of a pair of thermal imitators: when the heat flux is applied along the y direction, both (a) the layered structure and (b) the ellipse-embedded structure can give a thermal signature of a tank to the thermal detectors, whereas there is nothing emerging and (c) and (d) when the heat flux is applied along the x direction, respectively.
B. Thermal conductivity of the layered structure
For simplicity, we study a 2D two-layered structure (Fig. 2 ) which is composed of two different materials with the thermal conductivity of j 1 and j 2 and the length of a and b, respectively. When the temperature gradient is applied along the x direction [ Fig. 2(a) ], the boundary temperatures are T 1 and T 3 (T 3 > T 1 ), and the temperature at the interface of these two materials is T 2 . Due to the heat flux conservation along the x direction, we obtain
Here, c is the width of this structure and j x is the effective thermal conductivity along the x direction of this layered structure. Hence, we can derive the effective thermal conductivity of the structure in the x direction
When the temperature gradient $T y is applied along the y direction [ Fig. 2(b) ], the expression of heat flux in the y direction can be written as
Hence, we can deduce the effective thermal conductivity in the y direction
Therefore, the thermal conductivity of the layered structure has an anisotropic behavior along the perpendicular directions. In addition, it is easy to verify that the deductions of the multilayered structure (composed of two periodically arranged materials) are the same with the above results. So far, we have calculated the effective thermal conductivities of these two structures when the heat flux is applied along the two orthogonal directions, respectively. By setting the proper parameters, the thermal imitation can be achieved based on these two structures, and they can be called as a pair of thermal imitators. To sum up, the pair of thermal imitators is designed based on two distinct effective-medium approximations. The thermal conductivity of the ellipseembedded structure can be calculated by solving Laplace's equation, and thus we obtain the extension formula [Eq. (11) ] of the Maxwell-Garnett theory. The thermal conductivity of the layered structure can be deduced by the thermal series/parallel connection formula which is achieved based on the heat flux conservation.
When the heat flows along the two orthogonal directions, the thermal conductivities of the pair of thermal imitators are second order diagonal tensors in which the j xx and j yy elements represent the effective thermal conductivities along the x and y axis, respectively. When the heat flows in other directions, that is to say, the direction of the heat flux remains unchanged, and the pair of thermal imitators rotates in a certain angle, we can still deduce the current thermal conductivities of the pair of thermal imitators by simply doing a rotational operation on the former second order diagonal tensors. Thus, the effective thermal conductivities of the pair of thermal imitators are still the same when the heat flows in other directions.
The pair of thermal imitators is designed based on a square system. However, both the ellipse-embedded structure and the layered structure can be extended into other shape structures by setting well-designed materials and geometric parameters. For the direction-dependent thermal response, which is provided by the geometric anisotropy, we can always design a pair of thermal imitators only if they have the same effective thermal conductivities by setting the proper parameters. Furthermore, the effective thermal conductivities of the pair of thermal imitators are the same when both of them are presented in the same thermal gradients. This can be explained by the equivalency of the thermal conductivity tensors of the pair of thermal imitators. Therefore, the performance of the thermal imitation is still satisfactory when the pair of thermal imitators is presented in a point-source thermal gradient.
III. EXPERIMENT AND SIMULATION
For simplicity, we conduct our experiment and simulation in a 2D system. According to the former theory, we designed and fabricated samples I-IV for characterization; see Figs. 3(a1)-3(d1) . The samples contain air and copper, with thermal conductivities of 0.026 and 397 W/(m Á K), respectively. For the ellipse-embedded structure (samples I and III in Fig. 3 ), 10 Â 10 elliptical air particles are embedded in the central square region of the background. The structures of samples I and III are the same, whereas the external thermal gradients applied on these two samples are in the perpendicular directions. A well-designed layered structure (samples II and IV in Fig. 3 ) is placed in the central square region of the background which is the same with that of the ellipse-embedded structure. Five lines of circular air particles are embedded in the central square region that plays the role of material 1. Red copper between each line of air particles serves as material 2. Then, samples II and IV with the same structures are studied in the external thermal gradients of perpendicular directions.
Experiments are first carried out to verify the function of the thermal imitators. The characteristics of experimental samples are depicted in Fig. 3 . All the experimental samples are manufactured by chemical etching, and 0.1 mm-thick polydimethylsiloxane films are covered on the samples in order to eliminate the infrared refection. Two water tanks which are, respectively, filled with hot and ice water, serve as the heat and cold source. The room temperature is tuned to the middle temperature of the heat and cold source, which can minimize the thermal convection towards air. Then, we use the FLIR E60 infrared camera to detect the temperature profile; see Figs. 3(a2)-3(d2) corresponding to samples; see Figs. 3(a1)-3(d1) along the x direction and y direction. (a2) is the experimental result of the ellipse-embedded structure when the heat flux is applied along the x direction, which aligns well with the result of the layered structure (b2). The straight isotherms show that there is no thermal contrast between the central structures and the background. Therefore, thermal invisibility is obtained. (c2) is the experimental result of the ellipse-embedded structure when the heat flux is applied along the y direction, which is virtually the same with the result of the layered structure (d2). In a word, the two structures not only have the same thermal signature of each other but also provide the thermal invisibility in the x direction.
In order to simultaneously understand Figs. 3(a2)-3(d2) of samples I-IV, we further perform finite-element simulations based on the commercial software COMSOL Multiphysics (https://www.comsol.com/) to confirm the above experimental results. The parameters of the simulations are the same with those used in the experiments. The results are shown in Figs. 3(a3)-3(d3) that are similar to Figs. 3(a2)-3(d2) , respectively. The isothermal lines make the comparison clearer, confirming the aforementioned results of Figs. 3(a2)-3(d2) . Besides, the thermal imitation can be achieved when the heat flux is applied not only along the two orthogonal directions but also along the other directions. Here, we apply the heat flux along the diagonal direction of the pair of thermal imitators; see Figs. 4(a) and 4(b). Meanwhile, when this pair of thermal imitators is presented in a point-source thermal gradient, the performance of thermal imitation is still satisfactory; see Figs. 4(c) and 4(d) . Furthermore, the above discussions on thermal imitators in two dimensions can be 
IV. CONCLUSION
In summary, we design and fabricate a pair of thermal imitators having the same thermal signature, when uniform thermal gradients are applied along the different directions. Meanwhile, both of them provide thermal invisibility when the thermal gradient is applied along only one direction. At the same time, the thermal imitation can still be achieved when a point-source thermal gradient is applied. Threedimensional simulation has also been given to confirm the satisfactory performance of 3D thermal imitators which are more practical and commercially available for potential applications, say, for misleading the infrared camera of enemies from different directions. Our work may open a gate in designing direction-dependent thermal metamaterials possessing multiple thermal functions; that is to say, different thermal functions can be achieved by tuning the thermal conductivities along different directions of the device. Moreover, this theory can also be extended into other fields such as optics, electricity, etc., which may open a gate of researching anisotropic systems.
